Abstract-Directional beamforming has shown promising results for creating vector flow images. The method measures both the flow angle and the magnitude of the velocity. The flow angle is estimated by focusing lines in a range of angles from 0 to 180 degrees. The true angle is identified as the angle that produces the largest correlation coefficient across emissions. The magnitude of the velocity is found by cross-correlating consecutive lines focused along the direction of flow, to find the spatial shift corresponding to the velocity. In initial in vivo experiments, the method has however shown weaknesses by yielding outliers when a substantial clutter signal is present after clutter filtering. This is especially a problem when the flow angle is close to 90 degrees as the slow time frequencies from the flow signal is similar to that of the clutter, making clutter filtration difficult. When the angle determination fails, the correct velocity can no longer be found. The purpose of this work is to improve the robustness of the directional beamforming method, making precise in vivo measurement possible. A more robust angle estimator is proposed. Spatial averaging in the axial direction is applied over a depth of 2 wavelengths. Instead of traditionally beamforming a single line, three lines are beamformed with an interline distance of a wavelength. To improve clutter filtering a post correlation clutter filter is applied, by removing peaks in the correlation functions corresponding to low velocities, since these peaks are believed not to be a result of the measured flow. The method has been tested on a flow phantom, using the RASMUS experimental scanner. The flow had a parabolic velocity distribution with a peak velocity of 0.1 m/s, and a flow angle of 90 degrees. The measurement were made with a 6.2 MHz linear array transducer, using 30 emissions and 128 transducer elements for each estimate. Using the same measurement setup, an initial in vivo study has been carried out. The measurements have been performed on the carotid artery of 11 human volunteers. To validate the method MR angiography has been performed on all human volunteers as a gold standard. For the phantom measurement 76.30 % of the angle estimates are within +-5 degrees of the actual angle, when using the traditional setup. Using our new approach 98.32 % of the angle estimates are within +-5 degrees from the true angle. The comparison between the stroke volume measurements in the carotid artery calculated using directional beamforming and MR angiography, gives a correlation coeficient of 0.84. Phantom and in vivo measurements has been carried out with a more robust implementation of the directional beamforming method. With the applied changes, the method has shown improved results for in vivo measurements.
I. INTRODUCTION
In traditional ultrasonic velocity estimation systems, only the axial velocity component is estimated. So to find the absolute velocity, the beam to flow angle must be found. The absolute velocity is an important clinical parameter, so the ability to measure it accurately is of great value. Jensen [1] suggested to cross-correlate lines beamformed in the flow direction, to directly measure the magnitude of the velocity vector. The method performs well, even for pure transverse flow, but needs a priori knowledge of the flow angle. To find the flow angle Kortbek and Jensen [2] suggested to beamform lines in a range of directions, from 0 to 180 degrees, and then search for the direction with the largest correlation over time. It was shown in simulations and phantom measurements that the method was capable of finding both the correct flow angle and velocity magnitude using few emissions. However when Holfort [3] performed initial in vivo experiment is was shown that the angle estimator breaks down when a substantial amount of clutter is present after clutter filtering. When the angle determination fails, the correct velocity can no longer be found. The purpose of this work is to improve the robustness of the angle estimator to enable accurate velocity vector estimation. This is performed by applying spatial averaging, and improving clutter filtering.
II. METHODS AND MATERIALS

A. Angle Estimation
To find the flow angle, directional signals are beamformed in a range from 0 to 180 degrees as shown in Fig 1. The directional signal is given by S i (x 0 φ ), where i is the emission number φ is the beam angle, as seen on the figure and x 0 is the spatial location on the line The directional signal, corresponding to the true flow angle, for emission i, contains the same blood scatterers, as for emission i+1, excepts for the few scatterers that has left the signal in the end or entered at the start. This will make the correlation between consecetive signals high. For the remaining angles, a different distribution of scatters will be examined for each emission, due to the misalignment between the signals and the direction of flow. As a result the correlation will be low. The directional signal corresponding to the true flow angle, can therefore be identified as the signal that produces the largest normalized correlation coefficient over emissions. The correlation coefficient for different angles is calculated using When the direction of flow is found, the magnitude of the velocity is found by cross-corelating consecutive signals to find the spatial shift corresponding to the blood velocity.
where N is the total number of emissions and C is the normalized correlation coefficient defined by
where R ab is the cross-correlation between signal a and b, µ a is the mean of a and µ b is mean of b. The sum in (1) is introduced to perform averaging.
The angle can now be estimated by searching for the largest correlation coefficient,
B. Velocity Estimation
When the direction of flow is known, the magnitude of the velocity can be found. Two signals taken from consecutive emissions, beamformed along the direction of flow, is related to each other by a spatial shift x 0 s given by
where V is magnitude of the velocity and T prf is the time between emission. The spatial shift is found be locating the peak of the cross-correlation function taken between two consecutive signals.
The velocity is now given by
For a more in depth description of the basic method see [2] C. Spatial Averaging
To improve the robustness, spatial averaging is applied on the angle estimator in the axial dimension. The spatial averaging is applied by beamforming three lines for every angle. The three lines are beamformed with in a range of 2 λ. The new angle estimator is give by
The length of the directional signals, in the used setup, is 20λ, so the applied spatial averaging will only marginally reduce the spatial resolution of the estimator.
D. Post Correlation Clutter Filtering
To improve clutter filtering, peaks in the correlation function taken in (2) identified to be a product of the clutter is removed. The Directional signals are composed of two major components, one flow component, coming from the blood scatterers and one clutter component, coming from the stationary tissue,
where
is the flow component and N(x 0 ) is the clutter component. It is assumed that the clutter and blood component is uncorrelated and that the clutter component is stationary over emissions. When the cross-correlation is taken in (2) between two consecutive emissions, it corresponds to the cross-correlation of the flow signal, added with the autocorrelation of the clutter signal
It is known from basic signal processing, that the autocorrelation function peaks at lag zero and from (4) it is known that the cross-correlation of the flow signal, for the true angle, peaks at lag 2V T prf c . So the post correlation clutter filtering is done by ignoring peaks laying around lag zero in (2).
By doing this, peaks emerging as a result of the clutter is removed, without affecting the true peak coming as a result of the measured flow.
E. Measurements
To test the performance of the method, phantom and in-vivo measurements have been carried out on the experimental ultrasound scanner RASMUS [4] . The parameters used for all measurements can be seen in Table I .
Phantom measurements have been performed on a circulating flow rig as seen on Fig 2. A long tube is connected to a flow pump. The transducer is placed in a fixture, with a known beam to flow angle. An electro magnetic flow meter is placed around the tube to read the flow, as a reference. Measurements has been carried out for a beam to flow angle of 90 degrees.
An transmit focus is placed in double the depth of the tube, to get a wide transmit beam. The vector flow images has been created by measuring 16 flow lines pr image, with an axial spacing of λ between each estimate. 64 elements is used in transmit and 128 elements is used in receive. The used scanner has access to 128 channels, so a sliding aperture can only be achieved in transmit. To avoid tilting of the point spread function, a boxcar apodization is applied in receive to force a symmetric receive aperture.
The in-vivo measurements have been carried out on the carotid artery of 11 healthy human volunteers. To validate the method MR angiography has been performed on all 11 volunteers as an gold standard. To enable a comparison, the volume flow over a heart cycle has been calculated. The volume flow has been calculated using the assumption of rotational symmetry. All in-vivo measurements has been performed by an experienced medical doctor.
Prior to the in-vivo measurements, the intensities of the transmit setup have been measured using a hydrophone. All measured intensities where below the limits set by the U.S Food an Drug Administration [5] . 
III. EXPERIMENTAL RESULTS
A. Phantom Measurements
The top graph in Fig. 3 shows the angle estimates, for the phantom measurement, calculated using the traditional setup. Angle estimates from 10 images each containing 16 flow lines are plotted. 76.3 % of the estimates are within ± 5 % from the correct angle. The angle estimates, at the side of the tube, are slightly worse than the estimates in the middle. The method performs best on the central flow lines. This is because they have the largest recieve aperture.
The bottom of Fig.3 shows angle estimates, calculated with the improvements. 98.32 % of the estimates are with in ± 
5 % from the correct angle. A slight worsenning of the estimates can again be observed at the side of the tube, but not to the same extend as in the top figure. A fairly even performance is observed over the individual flow lines. Using the improvements a satisfactory result is optained for the phantom measurements. 
B. In-vivo Measurements
The top of Fig 4 shows a velocity vector image of the common carotid artery and jugular vein, calculated using the traditional setup. The brightness of the color and the length of the arrows, shows the magnitude of the velocity and the direction of the arrows shows the flow angle. The main direction of flow in the artery and vein can be observed, but the image is dominated by errors.
The bottom of Fig 4 shows , for the same frame as the top of the figure, a velocity vector image, calculated using the new method. A more believable result is obtained and only few estimates can visually be determined to be errors. 
